This paper describes the first detailed study on a dihydroorotate dehydrogenase involved in pyrimidine biosynthesis. In most organisms the enzyme is membranebound; however, a soluble dihydroorotate dehydrogenase was produced in relatively high levels when the anaerobe, Lactobacillus bulgaricus, was released from repression. Biosynthesis of pyrimidines in bacteria as well as in all higher forms studied proceeds by a pathway from aspartate and carbamylphosphate through orotate to uridylic acid. Orotate is formed from L-dihydroorotate by the only oxidative step in the pathway. The enzyme catalyzing this reaction, dihydroorotate dehydrogenase (4, 5-L-dihydro-orotate: oxygen oxidoreductase, ECI.3.3.1.), is membrane-bound is most organisms and therefore has not been extensively purified. Synthesis of this enzyme is under repression control in most bacteria and is produced in very low levels under ordinary growth conditions.
Biosynthesis of pyrimidines in bacteria as well as in all higher forms studied proceeds by a pathway from aspartate and carbamylphosphate through orotate to uridylic acid. Orotate is formed from L-dihydroorotate by the only oxidative step in the pathway. The enzyme catalyzing this reaction, dihydroorotate dehydrogenase (4, 5-L-dihydro-orotate: oxygen oxidoreductase, ECI.3.3.1.), is membrane-bound is most organisms and therefore has not been extensively purified. Synthesis of this enzyme is under repression control in most bacteria and is produced in very low levels under ordinary growth conditions.
The biosynthetic dihydroorotate dehydrogenase from the anaerobe, Lactobacillus bulgaricus, is located in the soluble portion of cell-free extracts and is produced at relatively high levels when cultures of the organism are released from repression. We previously reported (23) that the biosynthetic dihydroorotate dehydrogenase differs from the well-characterized, inducible enzyme (5) which functions in orotate degradation. The present work describes the purification and some properties of the biosynthetic enzyme from L. bulgaricus. A preliminary report of this work has appeared (W. H. Taylor and M. L. Taylor, Bacteriol. Proc., p. 125, 1968).
MATERIALS AND METHODS Culture methods. L. bulgaricus 09 (ATCC 13866) was cultured on a medium similar to that described by Wright et al. (27, 28) . This medium (Table 1) was supplemented with 0. I% agar for maintenance of stock cultures. All cultures were inoculated into freshly autoclaved or steamed medium and incubated at 37 C. Stock cultures were stored at room temperature and were transferred every 7 days. Salts, vitamins, and purines were stored as three separate concentrated solutions at -20 C. The Norite treatment of Casamino Acids and Casitone was as follows. Norite (2.3 g) was added to a solution (50 ml) of Casamino acids (5 g) and Casitone (10 g ). This mixture was stirred for 20 min at room temperature and stored at 4 C overnight. The mixture was centrifuged at 16 ,000 x g for 30 min, and the resulting supernatant fluid was centrifuged at 35,000 x g for 30 min. The final supernatant fluid was used in 1 liter of the culture medium.
TAYLOR ET AL. Orotic acid was recrystallized twice from glass-distilled water.
All reagents were made with glass-distilled water, and all glassware was cleaned with dichromate cleaning solution before use in assay or fractionation procedures.
Enzyme assays. Dihydroorotate dehydrogenase activity was routinely measured by using a modification of the ferricyanide reduction assay (22) . For The pyridine nucleotide-linked dihydroorotate dehydrogenase activity was measured spectrophotometrically at 340 nm as orotate-dependent, reduced pyridine nucleotide disappearance, by using the conditions described by Udaka and Vennesland (24) (14) , with bovine serum albumin as the standard.
Oxygen exchange was measured in a Gilson differential respirometer by conventional techniques (25) .
Flavine analysis. Esterified flavines were removed from the enzyme by a method similar to that of Kondo et al. (12) . The enzyme was heated in a boiling-water bath for 2 min, and the denatured protein was removed by centrifugation. Flavines were extracted from the supernatant fluid with 0.4 volume of water-saturated phenol. The flavines were extracted from the phenol with two volumes of diethyl ether which was removed under partial vacuum to yield a water solution of flavines. This flavine solution was contaminated with amino acids and peptides which interfered with chromatographic analysis. A second phenol and ether extraction was necessary to separate the flavines from these materials. The final flavine extract was lyophilized and stored at -20 C. All solutions were protected from light to minimize photolytic reactions. The lyophilized flavines were dissolved in a minimum amount of water and identified by thin-layer chromatography on cellulose gel MN 300, by using ter-amyl alcohol, formic acid, water (3:2: 1, v/v), or on Silica Gel G with pyridine, acetic acid, water (10: 1:40, v/v). Flavine spots were located with ultraviolet light. Analysis of flavines present in the boiled enzyme supernatant fluid was also done with apo-NADPH cytochrome c reductase (7) and apo-D-amino-acid oxidase assay systems (7) .
Measurement of the rate of oxygen consumption, orotate formation, and hydrogen peroxide production. Duplicate respirometer vessels each contained (in 4 ml) 400 gmoles of Tris-hydrochloride buffer (pH 7.6), 48 ,umoles of sodium dihydroorotate, 300 units of dihydroorotate dehydrogenase, and (when indicated) 20 ,ug of catalase. Catalase and dihydroorotate were present in separate side arms, and the reaction was initiated by addition of dihydroorotate. The vessels were incubated with shaking at 23 C under an air atmosphere. One flask was used to determine oxygen consumption, whereas the duplicate flask was the source for samples used to measure hydrogen peroxide and orotate concentration.
The production of hydrogen peroxide was followed in two ways: (i) manometrically, as oxygen released due to tipping catalase from the flask side arm at the end of the incubation period, and (ii) colorimetrically, by a modification of the chromogen reaction used in blood glucose analysis (8, 9) Orotate production was measured by withdrawing samples (0.2 ml) from the respirometer flask at given time intervals, diluting into 2.8 ml of 5% (w/v) trichloroacetic acid, and measuring the absorbancy of orotate at 284 nm. Dihydroorotate has no significant absorption at this wavelength. Centrifugation of the samples was unnecessary, because no precipitation occurred at the low protein concentrations used. The blank was prepared by diluting a sample (0.2 ml) from the control flask containing enzyme and all reagents except dihydrooroate. The amount of orotate present at each time point was determined from standard curves prepared with known orotate concentrations in the presence of enzyme and all reagents except dihydroorotate.
Purification of dihydroorotate dehydrogenase. All enzyme preparations were protected from light, and all procedures were performed at 0 to 4 C. Dihydroorotate dehydrogenase was purified from the 150,000 x g supernatant fluid as follows.
(i) The 150,000 x g supernatant fluid was stirred while I M manganese chloride (0.025 volume) was added slowly. Stirring was continued for 15 min after the last portion of the manganese chloride was added. The extract was then frozen for 12 hr or until further purification was undertaken. At this point, the enzyme preparation was stable indefinitely at -20 C.
(ii) The thawed manganese-treated extract was stirred while EDTA (0.2 M, pH 7.0) was added to give a final concentration of 0.01 M EDTA. The extract was adjusted to pH 4.1 by addition of 0.5 M sodium acetate buffer (pH 3.8). The insoluble protein and nucleic acids were removed by centrifugation at 10,000 x g for 10 VOL. 105, 1971 1018 TAYLO min. The clear yellow extract (150 ml) was applied to a Sephadex G-25 column (5 by 80 cm) equilibrated with AOV buffer. The column was eluted with AOV buffer by using a flow rate of I ml/min.
(iii) The enzymatically active fractions from the G-25 column were combined, and sodium chloride was added to give a final concentration of 0.15 M NaCI. This fraction (about 300 ml) was mixed with solid DEAE Sephadex (5 g dry weight) which had been equilibrated with AOV containing 0.15 M NaCl. The enzyme was allowed to adsorb for 10 min, and this mixture was filtered on a Buchner funnel. The DEAE Sephadex was washed once with 100 ml of AOV containing 0.15 M NaCI and once with 100 ml of AOV containing 0.2 M NaCI. The enzyme was then eluted with a minimum amount of AOV containing 0.4 M NaCl.
(iv) The enzyme fraction eluted from the DEAE Sephadex was mixed with an equal volume of ammonium sulfate solution (saturated at 0 C). Solid ammonium sulfate (124 g per 600 ml of the 50% saturated enzyme fraction) was dissolved as rapidly as possible, yielding an 80% saturated solution. No protein precipitated until the ammonium sulfate concentration was 60% saturation. Immediately after all of the ammonium sulfate was dissolved, the precipitated protein was removed by centrifugation at 10,000 x g for 10 min. The supernatant fluid was discarded, and the welldrained pellets were dissolved in a minimum amount of AOV (about 5 ml). The insoluble protein was removed by centrifugation at 10,000 x g for 5 min.
(v) Immediately, the clear yellow solution was applied to a column of Sephadex G-200 (2.5 by 84 cm) equilibrated with AOV buffer containing 10% (w/v) sucrose. The column was eluted with AOV buffer containing 10% sucrose at a flow rate of 8 to 10 ml/hr.
(vi) The most active fractions from step (v) were combined and concentrated to approximately 15 ml with solid Sephadex G-25 and further purified by polyacrylamide gel electrophoresis.
Polyacrylamide disc electrophoresis. Preparative disc electrophoresis was done on polyacrylamide columns with a Polyprep apparatus (Buchler Instruments, Fort Lee, N.J.) cooled by circulating fluid (-I C) from an external bath. The general methods outlined by Jovin et al. (10) were used throughout. The upper and lower gel composition and Tris buffer systems were as described (10) (3) . Seven and 14% acrylamide gel columns were used to check enzyme homogeneity. Acrylamide was recrystallized from chloroform, and N,N'-methylene-bisacrylamide was recrystallized trom acetone as described by Loening (13) .
Purification of other enzymes. NADPH cytochrome c reductase from brewer's yeast was purified through the ethanol precipitation step and resolved tor FMN as outlined by Haas et al. (6) .
D-Amino-acid oxidase was purified from an acetone powder of pig kidney as described by Burton (2) Table 3 . The most purified preparation shows a 213-fold increase in specific activity over that measureable in extracts of derepressed cells with a 39% recovery of enzyme activity. Specific activities of the 150,000 x g supernatant fluid varied between 20 and 40 units/mg, but were always at least 100-fold higher than the activity in extracts of repressed cells. Best results were obtained when the fractionation was continuous after application of the manganese-treated supernatant fluid to the Sephadex G-25 column. Storage of enzyme fractions at -20 C resulted in progressive enzyme decay; however, our most purified preparations of the enzyme have been remarkably stable at 4 C for up to 2 years. Selected fractions from the preparative gel electrophoresis step generally showed a higher specific activity than shown in Table 3 . For example, a recovery of 19% of the initial enzyme units with a specific activity of approximately 9,100 units/mg has been obtained. Figure 1 shows the results of analysis by polyacrylamide disc electrophoresis on the fractions from our purification procedure. Protein stain of our most purified fraction (no. 3) revealed only one very minor protein contaminant which moved slightly ahead of the enzyme. An activity stain on a duplicate gel (no. 4) confirmed that the major protein component coincided with active enzyme. The extreme sensitivity of the NBT stain for detection of enzymatic activity accounts for the increased width of the activity band over that of the stained enzyme protein. With shorter time exposure to NBT and substrate, the activity band was exactly coincident with the protein band. All of the gels are arranged so that the position of enzyme protein coincides. Comparison of gels no. 1 and 2 shows that, after step 5 of the purification procedure, only four or five major protein con- Table 3 ): gel 1,fraction 1; gel 2,fraction 5; gels 3 and 4,fraction 6. taminants remain.
Tracings of activity in 7% acrylamide gel columns generally showed a trailing shoulder suggesting a second protein band just behind the enzyme. Electrophoresis of these same fractions on 14% acrylamide gel columns resolved the enzyme protein into two active protein bands. As will be discussed later, the second band probably arises from the action of light on the enzyme protein rather than representing a native form of dihydroorotate dehydrogenase. To date no purified fractions have been obtained which are completely free of the trailing band of active protein.
Hydrogen peroxide formation during oxidation of dihydroorotate. Generally it is accepted that flavoproteins which catalyze oxidase-type reactions reduce the oxygen to hydrogen peroxide (1). As described above, experiments were performed in which the rates of orotate and hydrogen peroxide production were compared to the rate of oxygen consumption. The results (Fig. 2) Spectrum of dihydroorotate dehydrogenase. Figure 3 shows the spectrum of our most purified fraction of the enzyme (specific activity, 9,100 units/mg) obtained by preparative disc electrophoresis. Characteristic of flavoproteins, the enzyme shows distinct maxima at 380 and 466 nm with minima at 350 and 416 nm. The noticeable shoulder present at approximately 490 nm also is similar to those present in other flavoproteins (15) . There is no shoulder in the 540-nm range where the iron-sulfur chromophore of the inducible enzyme is reported to absorb (1, 5 The presence of only FMN in the biosynthetic dihydroorotate dehydrogenase was confirmed by the ability of the extracted flavines to reactivate apo-NADPH-cytochrome c reductase, while having no effect on activity of apo-D-amino-acid oxidase.
Effect of ammonium sulfate. During the development of the purification procedure, it was found that ammonium sulfate markedly enhanced enzymatic activity as measured by the reduction of ferricyanide or DCI. Figure 4 shows that this effect increases with increasing concentrations of ammonium sulfate, saturating at about 1.4 M and then decreasing from that point. (Table 3) and had a specific activity of 1,030 units/mg.
Other salts were tested to see if the stimulation was caused by specific ions or whether it was due to increased ionic strength of the assay mixture. The salts tested were used in equimolar concentrations. Other salts did enhance the activity of dehydroorotate dehydrogenase (Table 5) , but all showed less marked stimulation than did ammonium sulfate. No correlation between enzymatic activity and ionic strength of the reaction mixture was found. The sulfate salts consistently showed considerably higher stimulation than the corresponding chloride salts. The increased activity with ammonium sulfate was not specific for either the ammonium or sulfate ion separately but was approximately an additive stimulation by these two ions. Separate experiments have shown that the stimulatory effect of ammonium sulfate on enzyme activity was not due to a change in affinity of the enzyme (Km) for dihydroorotate.
The effect of ammonium sulfate on pH optimum is shown by the upper set of curves in Fig.  5 . The presence of ammonium sulfate does not appear to shift the pH optimum but rather enhances activity of dihydroorotate dehydrogenase over the entire range of pH values tested.
Effect of pH on enzyme activity. Figure 5 shows the variation of enzyme activity with pH change. The lower set of curves was obtained by the standard assay in the absence of ammonium sulfate and the upper set in the presence of ammonium sulfate. The upper curve of each set represents activity obtained with a freshly prepared fraction of enzyme, whereas the other curves were obtained with the same enzyme fraction after storage for 10 days at 0 C. The pH optimum probably lies between pH 7.6 and 7.8, but a Standard ferricyanide reduction assay procedure was used except that ammonium sulfate was omitted.
Where indicated, 500 zmoles of the appropriate salt was added to the reaction mixture.
an accurate determination is difficult because there is only a 17% change in enzymatic activity over the entire pH range. When assayed in the presence of ammonium sulfate, enzymatic activity appears to be stable during storage. This is especially noticeable (Fig. 5) in the range pH 6.8 to 7.2. Stimulation of enzymatic activity was always greatest in the optimum pH range. Further storage of the enzyme fractions did not change the shape or position of the pH curves. Although it is often true that pH curves such as those obtained (Fig. 5) represent a composite effect of pH on the Michaelis constant (Km) as well as on maximum velocity (Vmax), this did not appear to be the case here. Enough data at each pH were obtained for Lineweaver-Burk plots. The Vmax was calculated for each pH and plotted against pH. The pH-activity curves for dihydroorotate dehydrogenase prepared in this manner were identical to those in Fig. 5 .
Electron acceptors. The extensively studied degradative dihydroorotate dehydrogenase from Zymobacterium oroticum links to NADH. In contrast, the biosynthetic enzyme of L. bulgaricus will not link to pyridine nucleotides. Enzyme preparations from L. bulgaricus have been tested at all stages of purification, at various pH values, and with sulfhydryl activators in the incubation mixture, but no linkage to pyridine nucleotides has been observed. 
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The enzyme preparation used was purified through step 6 (Table 3) weight between the two fractions may result from a conformational change of the enzyme during purification. As described in the next section, such a conformational or molecular volume change may be caused by exposure of the enzyme to light during purification.
Effect of light on dihydroorotate dehydrogenase. As mentioned previously, tracings of NBT stains for enzymatic activity on acrylamide gels showed a trailing shoulder of activity. Activity stains of acrylamide gels after electrophoresis at various steps during purification showed that the amount of material present in the trailing shoulder increased during purification. This finding indicated that the trailing band was not a native form of dihydroorotate dehydrogenase. Figure 7 shows gel tracings for light-treated and untreated 150,000 x g supernatant fluid. After 10 min of exposure to light, only 20% of the control enzymatic activity remained. It is apparent that the protein band corresponding to enzymatic activity (peak b) had been partly converted into a new protein band (peak c). Each protein band showed enzymatic activity when stained with NBT, but the new band had much weaker enzymatic activity than the original band. Thus it appears that the trailing band of enzyme protein which is formed during purification arises by the action of light on dihydroorotate dehydrogenase. The same results were obtained when a sample of purified enzyme (step 6, Yates and Pardee (29) , but no detailed study was made.
We described membrane-bound dihydrooroate dehydrogenases from E. coli (21, 22 ) and a Pseudomonas (23) and showed that these enzymes would not link to pyridine nucleotides. Recent work by Miller and Kerr has indicated that the enzyme probably links to ubiquinone in these bacteria (11, 17) . The present work is the first study on a relatively pure enzyme.
It is difficult to compare the catalytic activity of our enzyme preparations with those reported for the crystalline degradative enzyme, since most values reported are for pyridine nucleotide-linked reactions (1, 19 (18) reported that the degradative inducible enzyme from Z. oroticum was sensitive to visible light. Treatment with high light intensities split FAD from the enzyme with a corresponding loss in NADH-linked activity. In contrast, the light sensitivity we have described for the biosynthetic enzyme seems to result in a conformational change and a partial loss of enzymatic activity. Miller and Kerr were able to restore some of the lost activity by added flavine, but our results were negative in this regard.
The stimulation of activity by ammonium sulfate which we observed on the biosynthetic enzyme has not been reported for the degradative enzyme. We have observed a similar stimulation by ammonium sulfate with the soluble biosynthetic enzyme from Bacillus subtilis and the particulate biosynthetic enzymes in a Pseudomonas isolated in our laboratory and in E. coli 185-482. The stimulation is not due to shift in the pH optimum or to a change in the affinity of the enzyme for dihydroorotate. Our observations show a marked similarity to those of Webb and Morrow (26) in their studies on anion stimulation of arylsulphatase (Aryl-sulphate sulphohydrolase, E. C. 3.1.6.1) from ox liver. They observed that the height of the pH curve was increased by activators, but the pH optimum did not shift. Their interpretation of these results was that the chloride anion directly affected the velocity constant (k2) for breakdown of the enzyme substrate complex (ES) to enzyme (E) + product (P) (reaction 4).
ES -2 E + P (4) This would appear to be a reasonable interpretation of our similar findings on dihydroorotate dehydrogenase with the further assertion that ammonium ions and sulfate ions are both activators and their effects seem to be additive. The most definitive work on dihydroorotate dehydrogenase concerns the inducible, degradative NADH-linked enzyme from the anaerobe, Z. oroticum (1, 5, 19) . This enzyme is produced only when the organism is cultivated on orotate-containing media and catalyzes the first step in orotate fermentation, the reduction of orotate to dihydroorotate by NADH. This enzyme is unique in containing FMN TAYLOR ET AL. veals that of the degradative enzyme to be around 115,000 which is approximately double the value we report for the enzyme f-om L. bulgaricus. It is tempting to suggest that the degradative enzyme is essentially an aggregate in which the FMNcontaining unit is similar (or identical) to the biosynthetic enzyme. Preliminary studies in our laboratory have indicated that Z. oroticum contains two dihydroorotate dehydrogenase enzymes when cultured on orotate. In polyacrylamide gel electrophoresis one enzyme migrates exactly like the biosynthetic enzyme from L. bulgaricus. This confirms our earlier report on the existence of two dihydroorotate dehydrogenases in this organism (23) . Work in Handler's laboratory (20) has indicated that the degradative enzyme can be dissociated into four subunits. The subunits appear to be identical by peptide mapping, but it is not clear how the flavines or catalytic activities are distributed among these subunits. The degradative enzyme from Z. oroticum is an iron flavoprotein, containing one iron atom per mole of flavine. Preliminary analysis in our laboratory has failed to reveal iron in the biosynthetic enzyme from L. bulgaricus, indicating that this may be another major difference between the two enzymes.
We have found that the purification procedure for the biosynthetic dihydroorotate dehydrogenase works equally well for the degradative enzyme from Z. oroticum and our Pseudomonas isolate. Thus the two enzymes from the same cell can be separated and purified under similar conditions for comparison of enzyme structure. Work is in progress in our laboratory with mutants and purified enzyme preparations to compare the primary and quaternary structures of degradative and biosynthetic enzymes in the pyrimidine pathway. These studies may lead to a partial understanding of the evolution of this biochemical pathway.
